Three mathematical models were developed to analyze the dynamics of fluorescent dyes penetration into 3D cellular spheroids. Two fluorescent dyes were chosen to verify mathematical models: rhodamine 6G (R6G) as a small molecule, which can freely penetrate through the cells, and wheat germ agglutinin (WGA) conjugated with Alexa488 fluorescent label, which reacts with the cells plasma membrane, and its cellular penetration is significantly lower. Dye penetration and binding to cells were modeled with nonlinear diffusion-reaction equations. System of differential equations was solved using numerical methods, and good correspondence with physical experiment was shown. Diffusion coefficients in extracellular matrix were determined for both fluorescent dyes, and the influence of reactions parameters to WGA penetration was analyzed. Dynamics of dyes accumulation into cell spheroids were also determined.
Introduction
the plasma membrane [20] . WGA conjugated to Alexa Fluor fluorophores is used as a fluorescent marker to stain the plasma membrane of various mammalian cells.
In this study, a nonlinear system of diffusion-reaction equations was used for modeling the diffusion of WGA-Alexa488 and R6G as well as the binding of WGA-Alexa488 to the cells. Three different cases of the system were presented to describe the diffusion into cellular spheroids of these dyes. Laplace operator of the nonlinear system was written in spherical coordinates because the modeled area is a sphere. The system was solved using a finite difference method, and the resulting nonlinear system of algebraic equations was solved with an iterative method.
The computational results and the physical experiment were compared and close correspondence between them was achieved. Diffusion coefficients in the extracellular matrix for both dyes were calculated using model and experiment comparison. Moreover, the ratio between the dye concentration and the fluorescence intensity was evaluated. The influence of reaction parameters to dye penetration was analyzed. Dynamics of dyes uptake were estimated for spheroids of different size and cell/matrix density.
In Section 2, physical/biological experiment was explained. In Section 3, details about three mathematical models were presented alongside calculations of equations parameters. In Section 4, computational and physical experiments were compared, and results of the study are discussed.
Materials and methods
Cell culturing. Immortalized mouse embryonic fibroblast cell line NIH3T3 was used, which was purchased from American Type Culture Collection. Cells were cultured in cell growth medium (Dulbecco's Modified Eagle Medium -DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin (all from Gibco, US). Cells were maintained at 37 • C in a humidified atmosphere containing 5% of CO 2 . The cells were routinely subcultured 2−3 times a week in 25 cm 2 culture dishes.
Cellular spheroids. Cellular spheroids were formed using the hanging drop technique, using a 96-well hanging drop plate Perfecta3D R (3D Biomatrix, USA). During the experiments, the initial number of cells in the drop was varied from 6000 to 16000 cells per drop. The plate was maintained at 37 • C in a humidified atmosphere containing 5% of CO 2 . To provide enough nutrients for the cells and to prevent an osmolality shift in the medium, 4 µL of a fresh cell growth medium were added daily to each well. Cellular spheroids were grown for 4 days before experiments.
Dyes used for modeling diffusion. Commercially available rhodamine 6G -R6G (Sigma Aldrich, Germany) dye was used for the investigation of small molecules penetration in cellular spheroids. To prepare an R6G stock solution, 1 mg of R6G powder was dissolved in 1 mL of phosphate buffered saline -PBS pH 7.4 (Gibco, UK). The stock solution was diluted with cell growth medium to the final concentration of 5 µg/mL (10.4 µM).
Wheat germ agglutinin (WGA) conjugated to Alexa Flour 488 (WGA-Alexa488, Thermo Fisher, US) was used as a model of a molecule, which reacts with the cell plasma membrane and cannot penetrate freely through the plasma membrane like small molecules such as R6G. WGA-Alexa488 working solutions were prepared as suggested in the manufacturer's protocol. The final concentration used for 3D cell cultures was 0.13 µM.
Imaging of R6G and WGA-Alexa488 distribution in cellular spheroids. The accumulation of R6G in cellular spheroids was observed using a confocal Nikon Eclipse Te2000-U C1 Plus Laser scanning microscope equipped with an argon laser for 488 nm excitation (Nikon, Japan). Imaging was performed using 20x/0.50 NA objective (Nikon, Japan). The three-channel RGB detector (band-pass filters 450/17, 515/15, and 605/35 for blue, green, and red channels, respectively) was used. Image processing was performed using the Nikon EZ-C1 Bronze version 3.80 and ImageJ 1.46 software.
Quantification of R6G accumulation in cellular spheroids. Cellular spheroids were formed as described earlier. After incubations with R6G, spheroids were transferred to 1.5 mL centrifuge tubes and suspended in 1 mL PBS, then centrifuged 200 × g for 7 min to separate free R6G in media. The supernatant was removed and spheroids were dissociated with 0.25% trypsin for 10 min to dissociate cells. Then cell suspension was mixed with PBS and centrifuged 200 × g for 7 min.
After centrifugation, all cell samples were resuspended in 50 µl PBS and analyzed with BD Accuri C6 flow cytometer (Accuri Cytometers, Inc., Ann Arbor, MI, USA). The data were analyzed with FlowJo software (Tree Star, Inc., Ashland, OR, USA).
Mathematical models 3.1 WGA migration modeled with diffusion-reaction equations
Diffusion is the driver of biological processes in cells and 3D spheroids. The diverse temporal scales of intracellular and intercellular processes are determined by vastly diverse spatial and temporal scales in most biological and biophysical processes.
WGA molecules diffusion and binding in 3D cell spheroids is expressed by the equation
where k bind is a rate constant of binding of WGA to the cells membrane, R is the radius of a spheroid, D -diffusion coefficient, C out (t, r) is the concentration of WGA molecules in spheroid as a function on time and coordinate, t -time variable, r -the distance from the center of sphere, T -modeling duration. Diffusion equation was written in spherical coordinates, and assumption was made that spheroids are approximately uniform in all directions. As shown in Fig. 1(a) , there is a limited number of sites on cell membranes for molecules to bind, which is denoted by the constant B max [8] . When this number is reached, no molecules can bind on the cell membrane. The process of binding to cells is modeled by the equation
where C bind (t, r) is the concentration of WGA molecules, which are bound to the cells membrane.
Following boundary conditions are used:
which show that in the exterior of a spheroid, there is a constant concentration of WGA molecules C outside = 5 µg/mL/(38643 g/mol) = 0.13 µM (M = mol/L is molar concentration) and that there is symmetry to the center of a spheroid. Initial conditions for both functions of concentrations are
indicating that there is no WGA molecules at the start of experiment and all binding sites are free.
Rhodamine migration modeled with diffusion equation
Rhodamine R6G diffuses both through cells and cellular matrix ( Fig. 1(b) ), and thus diffusion of R6G molecules in spheroids is modeled using the diffusion equation
where C(t, r) is R6G concentration, and it is a version of (1) without the reaction element. The same boundary conditions are used for R6G model as in (3):
http://www.journals.vu.lt/nonlinear-analysis Molar concentration C outside = 5 µg/mL/(493 g/mol) = 10.4 µM is greater for R6G due to a smaller molar mass than WGA-Alexa488.
Initially, there are no rhodamine molecules in spheroid, so we have
It should be noted that R6G model is separate linearized version of WGA model given by (1)-(4), but with k bind set to 0 and different coefficients.
Rhodamine migration using rings of cells and matrix layers model
Spheroids were modeled as concentric rings of cells and matrix layers as in Fig. 1(c) , where cell rings represent averaged cells, and cellular matrix layer -material between the cells. The process is expressed by equation
where D(r) is a function representing diffusion coefficient,
D cell is diffusion coefficient in cells, and D matrix is diffusion coefficient in cellular matrix. d cell = 10 µm is an average diameter of cells, and d m is an average distance between cells, which was calculated in such a way that a known number of cells N of size d cell would fit into the spheroid of radius R.
Boundary and initial conditions remain the same as in Section 3.2:
Calculation of coefficients and numerical solution
The R6G dye diffuses both through the cells at diffusion rate D cell and the extracellular matrix at the rate D matrix . In the study, diffusion coefficient for R6G model in (5) was averaged in the whole spheroid:
where φ = N cell V cell /V sphere is the proportion of total cell volume to spheroid volume, (1 − φ) -the proportion of extracellular matrix volume to spheroid volume, V cell is the volume of a cell, which is considered to be spherical, V sphere -the volume of cellular spheroid. N cell is the number of cells in particular spheroid ranging from 6000 to 14000.
The diffusion coefficient of R6G or similar rhodamine dyes was investigated theoretically and experimentally by many authors. It was observed that the coefficient varies from 4.0·10 −10 m 2 /s in water solutions [10] to 1.5·10 −18 m 2 /s in high concentration sucrosewater solutions [6] . D cell = 3 · 10 −13 m 2 /s in stratum corneum [2] , i.e., the outermost layer of the skin was chosen as it resembles the cells used in the experiment most closely. Diffusion coefficient in cellular matrix D matrix was obtained by fitting experimental data to R6G model data (see Section 4.2) . For the ring model, the same coefficient D matrix was used, but diffusion coefficient in cells was adjusted taking into account that cells would not be fully squeezed into uniform cell ring and there would be some gaps at least between the sides of cells as shown in Fig. 1(c) . In analyzed model, the formula for D cell, ring was derived by calculating ratio between volume of sphere and cube:
WGA molecules diffuse only through cellular matrix with cells acting as immobilized barriers. Diffusion through porous media model was used to calculate diffusion coefficient [9, 19] :
where (1 − φ) accounts for porosity. It was demonstrated [17] that diffusion rates of R6G and WGA-Alexa488 dyes differ only by approximately 2.1% and the same R6G diffusion coefficient in matrix D matrix was used. Maximal concentration of binding sites per unit volume depends on a particular spheroid size and cell density. It was calculated using the formula
where N A = 6 · 10 23 is Avogadro number, B max, cell = 5 · 10 5 sites/cell is the number of binding sites in a single cell [8] . Binding rate constant (association constant) for WGA was determinant to vary from 10 2 to 10 6 in studies [3, 8, 16] . During computational experiment, several values of binding constant were used. These calculations showed that at rates k bind = 10 3 − 10 4 M −1 s −1 , reaction speed is maximal possible because the diffusion rate becomes a limiting factor. Therefore, k bind = 10 3 M −1 s −1 was chosen for other computations. For the comparison with experimental data, accumulative concentration C acc per volume, i.e., the total concentration in a spheroid divided by its volume, was calculated as an integral
The presented equations (1)-(9) were solved numerically. First of all, 2D discrete grid was chosen consisting of 100 points in r direction and 240000 points in t direction.
Such a large number of points was necessary because modeling time T = 24 h was long and high accuracy had to be achieved. System of equations was discretized and solved numerically using finite difference method Crank-Nicolson implicit algorithm. Nonlinear system of algebraic equations was obtained and linearized by Picard iterative method. This linear system was then solved using Thomas algorithm. The iterative process was repeated until relative error between 2 iterations was no larger than ε = 10 −10 . The process converged rapidly, and no more than 4 iterations were required. Necessary integrals such as (11) on discrete grid were calculated with 1st-order Newton-Cotes formula. All algorithms were implemented by the authors in Python with Numpy library.
Results

Analysis of experimental results
Accumulation of R6G in NIH3T3 spheroids was investigated using 2 methods: confocal microscopy and flow cytometry. It was shown that after 1 h of incubation, R6G accumulated only in the top layer of spheroid and the intensity of it was relatively low compared with the images after longer incubation times ( Fig. 2(a) ). Accumulation of R6G increased after longer incubation times. After 4 h of incubation, R6G fluorescence was observed through whole spheroid, and fluorescence intensity increased after 8 h and 24 h of incubation.
Accumulation of WGA-Alexa488 dye in NIH3T3 spheroids was demonstrated in Fig. 2(b) . Penetration of WGA-Alexa488 dye in NIH3T3 cellular spheroid was slower than R6G dye. After 4 h, fluorescence of R6G dye was detected through the whole cellular spheroid optical section, while WGA-Alexa488 was detected only on the external part of the spheroid. Even after 24 h of incubation, only low fluorescence of WGA-Alexa488 was measured from internal parts of spheroid, suggesting that a small amount of WGA-Alexa488 molecules penetrated into the center of a cellular spheroid.
For quantitative evaluation of R6G accumulation in cellular spheroids, measurements with flow cytometry were made. Obtained results were demonstrated in Fig. 2(c) and used for the comparison with mathematical modeling results as presented in Fig. 3(a) . Quantitative evaluation showed that after short times of incubations only cells, which were close to spheroid surface, had accumulated R6G, thus the mean fluorescence intensity was low. It was observed (Fig. 2(c) , lower part) that fluorescence intensity was growing from 5 min to 4 h of incubation, but not as rapidly as the number of the cells, which had R6G inside (Fig. 2(c) , upper part). After 2 h of incubation, 95 ± 1% of cells had accumulated R6G, but fluorescence intensity reached only 75 ± 5% of its maximum value. It can be concluded that some cells had accumulated only a small amount of R6G molecules. The peak of fluorescence intensity was observed after 4 h of incubation. Later, fluorescence intensity stabilized and did not change during measurements. This means that after 4 h of incubation with R6G, spheroids of radius R ≈ 150 µm had fully accumulated R6G molecules. For comparison, in experiments with single layer of cells, maximum fluorescence intensity is reached after 2 h of incubation. 
Comparison between experimental and simulations data for R6G accumulation models
The diffusion coefficient in the cellular matrix was calculated by fitting model data to physical experimental data by least squares method. Accumulative R6G concentration, which was calculated using model (5)- (7) and integrated by (11) , and fluorescence intensity from the experiment were normalized into nondimensionless values in order to compare them. Linear dependence between fluorescence intensity and concentration of the source is well known, and device constant can be calculated by normalizing, i.e., by dividing by maximal concentration and fluorescence intensity. It was determined that D matrix = 4.2 · 10 −13 m 2 /s fits the experiment best ( Fig. 3(a) ) and device constant for this particular experiment is 6.4 · 10 10 . Another experimental data set was used for R6G model confirmation. Fluorescence intensities were calculated at 2 h time for spheroids with different radius and number of cells ( Fig. 3(b) ). Accumulated R6G concentrations were multiplied by device constant and plotted for comparison with experimental data (Fig. 3(b) ). Intensities calculated per cell are decreasing for larger spheroids, which are expected because it is increasingly difficult for the dye to reach inner layers. Very close correspondence between experiment and model was observed up until the largest numbers of cells. The size of cellular spheroid depends on initial cell number until the critical number of cells is reached. It was observed that, while growing spheroids from 6000 up to 10000 cells, the size of spheroid increased linearly, but spheroids with a large number of cells (N cell = 14000 and N cell = 16000) were similar in size and their radius did not depend on cell number. Thus our model showed that spheroids from 6000 up to 10000 cells are suitable for dyes penetration studies, whereas larger spheroids should not be used because of inaccuracies.
Using the R6G migration model (Section 3.2), R6G dye accumulation inside spheroid was calculated. Figure 4 shows R6G concentration dependency from distance r to the center at various time intervals. Three spheroids were modeled with a different number of cells, i.e., cell/matrix density and spheroid radius R. These parameters were taken from experimental data.
It can be observed that the first few layers (∼ 20−30 µm) were almost fully accumulated after about 15 min in all spheroids. The center of the smallest analyzed spheroid was filled after less than 8 h ( Fig. 4(a) ), but the center of the larger spheroid in Fig. 4(c) was reached much slower. After 24 h, all spheroids were completely filled with R6G molecules. An alternative ring model was proposed in order to better understand R6G penetration into spheroids as explained in Section 3.3. Penetration curve in Fig. 5(a) was calculated with R6G cell and matrix diffusion coefficients, which were used in the previously analyzed R6G model. The curve is very close to approximated experimental data as mean squared error is only 0.04%. For comparison, penetration curve calculated with R6G model (Fig. 3(a) ) has error of 0.05% from experimental data. It can be concluded that error is very small in both cases.
In Fig. 5(b) , fluorescence intensity of the ring model was plotted against experimental and R6G model data. While both models agree fairly well with experimental data, ring model is slightly more accurate with 4.9% error compared to 5.2% error for R6G model. From these results we conclude that both models are successful and can be used for further analysis of dyes penetration. Ring model can be applied at determining the effects of cells diameter and cellular matrix layer size, i.e., the average distance between cells, on dye penetration properties.
Nonlinear WGA model analysis
WGA model was proposed in Section 3.1 to analyze WGA molecules diffusion and binding to cells. This process is experimentally difficult to conduct and modeling has to be employed. It is expected that the WGA model would be accurate because WGA diffusion in 3D spheroids is closely related to R6G diffusion, which agrees with the experiment well as shown in Section 4.2. Comparing with R6G model, reaction term was added to account for binding to cells, and binding rate k bind and concentration of binding sites B max was evaluated. Diffusion was calculated only in the cellular matrix because WGA molecules do not diffuse through the cell membrane.
Using WGA model, concentration in cellular matrix C out and concentration of bound WGA molecules C bind were computed and shown in Fig. 6 3 different spheroids. It was observed that the penetration rate for the smaller spheroid ( Fig. 6(a) ) was faster than for the larger one ( Fig. 6(b) ). Spheroid formed from 8000 cells was denser than 6000 cells spheroid, and thus there was a greater amount of binding sites (compare Fig. 6 (e) with Fig. 6(d) ). Because of that, WGA penetration into the center of 8000 cell spheroid was slowed down not only by greater size but also by faster binding process.
In case of largest spheroids (Fig. 6(c) ), it was observed in the experiment that they were much sparser (see x-axis in Fig. 3(b) ). As it was mentioned before, some changes in spheroid formation occurred due to a large number of cells, and it was demonstrated in our previous experiment that spheroids porosity depends on size and cells type [14] . 3D spheroids formed from cancer cells are sparser because cancer cells tend to migrate and metastize. As shown in Fig. 6(f) , the number of binding sites per unit volume was much smaller, and almost all sites were taken in 24 h. Therefore, diffusion was not slowed so much by reaction term, and spheroid center was almost completely penetrated by WGA in 24 h even though the spheroid was larger than 6000 and 8000 cells spheroids. These nonlinear effects were further explained in Figs. 6(g), (h), (i). Accumulated concentration per volume
was calculated and compared with maximum concentration per volume
which can accumulate into cellular matrix and cell membranes of spheroids. Accumulated concentrations in matrix C out, acc and in cells C bind, acc were calculated by (11) . 8000 cell spheroid ( Fig. 6(h) ) was the densest, and therefore, it accumulated more WGA molecules on average than the smaller spheroid ( Fig. 6(g) ). It was observed that the accumulative concentration of 8000 cell spheroid was greater even though the center was almost not incubated at all at 24 h. It can be explained by spherical geometry -outer layers of a sphere accounts for a much greater volume than inner layers. On the other hand, for 12000 cell, spheroid C max and C acc are much smaller due to lesser dense (B max is 2-3 times smaller than B max for 6000 and 8000 cells spheroids), and its matrix layer was penetrated more rapidly ( Fig. 6(c) ) than for smaller spheroids. The effect of reaction parameters to accumulative WGA dye concentration was investigated for spheroid of radius 134 µm and formed from 8000 cells. Various values ( Fig. 7(a) ) of binding constant k bind were tested. It was observed that with k bind = 10 4 M −1 s −1 accumulation speed no longer increased, which means that diffusion process is a limiting factor and this binding rate is so rapid that all available dye molecules bind almost instantly. However, at lower binding rations (< 10 2 M −1 s −1 ), accumulation speed was almost linear. Then the constant was set to zero, the binding process stopped, and concentration reached its balance at about 4 h, which is compatible with R6G models.
In Fig. 7(b) , the effects of the number of binding sites per cell B max, cell , which was used to calculate binding site concentration B max by (10), can be seen. As expected, a greater number of sites resulted in increased accumulative concentration. Figures 7(a) , (b) showed that WGA dye accumulation dynamics strongly depend on binding constant and number of receptors (binding sites) in the cells. From modeling results at fixed binding rate constant k bind = 10 3 M −1 s −1 it could be predicted that 3.4 times more WGA dye molecules accumulated after 24 hour for cells with 10 times more receptors on their plasma membranes.
Conclusions
In this study, accumulation and distribution of both R6G and WGA-Alexa488 fluorescent dyes in NIH3T3 cellular spheroids was demonstrated with confocal microscopy images. After 30 min of incubation, R6G dye accumulated only in the top layer of the cellular spheroid, whereas after 4 h of incubation, fluorescence of R6G was seen through the whole spheroid. In comparison, after 4 h of incubation with WGA-Alexa488, only spheroid surface was stained. Additionally, quantification of R6G dye uptake in NIH3T3 spheroid was evaluated using flow cytometry. The peak of fluorescence intensity had been observed after 4 h incubation, and after longer incubation times, the dynamic balance of R6G molecules in cells was established.
Diffusion-reaction equation model was presented for analysis of dyes penetration into cellular spheroids. Both cases of the model for R6G dye, i.e., linear diffusion model and ring model, showed a close correspondence with experimental results. Using the model, it was calculated that the diffusion coefficient in the cellular matrix is D = 4.2·10 −13 m 2 /s, which is about 4 times higher than the diffusion coefficient in cells used in calculations. Accumulation dynamics were analyzed, and it was shown that about 4 h are necessary to reach a balance, but the center zone is not fully incubated until about 10 h. These dynamics also strongly depend on the spheroid size and density.
Dynamics of WGA-Alexa488 dye penetration into spheroid were analyzed using nonlinear case of the model. The effect of binding rate and binding sites number to penetration dynamics was researched. Our experimental and modeling results showed that dynamic of WGA-Alexa488 dye accumulation in cells is nonlinear because of several biological processes such as rate of endocytosis, the density of cells and extracellular matrix, type and concentration of receptors in the cells plasma membrane, and other factors.
